Luminescence dynamics of CdS-doped glasses were measured using up-conversion technique, and they were compared with transmission dynamics. An analysis of the decay curves of luminescence and transmission dynamics has been performed using a multi-exponential fit.
Introduction
During last decade, great scientific effort has been made to investigate semiconductor nanocrystals. This effort was stimulated by fundamental questions of physics as well as by application prospective. The three-dimensional confinement of carrier wave-functions leads to the appearance of discrete energy levels, the position of which is given by the nanocrystal size (effect of quantum confinement). The physical properties of semiconductor nanocrystals are influenced strongly also by the presence of a great number of atoms located on the surface of nanocrystals, which give rise to a number of (intrinsic) surface states for charge carriers.
Moreover, nanocrystals usually have a number of adatoms and/or vacancies preferably on the surface, which lead to additional (extrinsic) surface states. Semiconductor doped glasses are one of the most studied nanocrystalline systems. They have a large optical nonlinearity and a fast response time [1] . They have great potential in optoelectronic application, where carrier dynamics are of great importance. In this paper we report on ultrafast photoluminescence dynamics of a series of CdS-doped glasses, which were measured by up-conversion technique and compared with transmission dynamics.
Experiment
The samples investigated were commercial CdS- Luminescence and differential transmission were measured at 300 K. The excitation source was a frequency-doubled Ti:sapphire laser (Spectra Physics Tsunami 3960; wavelength = 410-440 nm, pulse duration = 80 fs, energy per pulse = 1 nJ, repetition rate = 82 MHz). Since the peak power density of laser light was intense (about 100 MW/cm 2 ), samples were photodarkend before measurement in both types of experiment. The luminescence dynamics were measured using standard up-conversion technique with time resolution of approximately 0.5 ps. In this 3 set-up, luminescence was overlapped spatially with the switching femtosecond pulse at fundamental laser wavelength in a non-linear BBO crystal to produce the light at the sum-frequency. This up-converted signal was detected by a photon-counting photomultiplier module (Hamamatsu). The luminescence dynamics were monitored by changing the time delay between the excitation of the sample and the switching laser pulse using an optical delay line.
Differential transmission was measured using standard single colour pump and probe technique with time resolution of 0.1 ps. In this set-up, the laser beam was divided into two parts: a pump beam and a probe beam. A combination of half-wave plate and of polarizers was used to set mutually orthogonal linear polarizations of both beams. Pump and probe beams were focused by a single lens on the surface of the sample under an angle of 5 degree. The pump beam was chopped at 1 kHz, a photodiode and a lock-in detection was used to measure the modulated part of the probe beam. The time delay between the pump and probe pulses was adjusted by an optical delay line.
Results and discussion
In our absorption experiments, we monitor the changes in the intensity of the transmitted probe beam caused by the pump. Due to a fairly large thickness of the samples we can use the often used approximation and associate the measured changes of the probe pulse energy with absorption. The changes of absorption can be understood as composed of two contributions, namely of bleaching (an increase in the transmission, i.e. a positive contribution to the signal) and of excited state absorption (a negative contribution to the signal, induced absorption). The bleaching signal is given by a difference of the electron and hole occupation numbers of states at given photon energy. The contribution of the excited state absorption is proportional to occupation numbers of excited carriers and absorption cross-section at given wavelength.
Transmission dynamics reflect relaxation, trapping and recombination of carriers. In particular, the decay of bleaching is given by the rate at which the energy states of photoexcited carriers are depleted (by carrier relaxation and/or trapping). This rate usually depends on the carrier excess energy. Due to the bandwidth of pulses used in the femtosecond experiments and due to a large hole-electron mass ratio (about seven times), the bleaching dynamics are dominated by the electron contribution [2] . A large excess energy of photo-excited carriers leads 4 to a faster carrier relaxation and more efficient trapping. The excited state absorption in semiconductor nanocrystals is not strongly spectrally selective and that is why its dynamics reflects rather the whole number of photoexcited carriers and is not influenced by fast relaxation
processes. The quality of the nanocrystal surface affects inherently the trapping rate and excited state absorption which is mainly due to the surface states.
The decay of photoluminescence (proportional to the product of electron and hole populations) reflects rather the hole dynamics [3] .
Comparison of transmission dynamics with luminescence dynamics
Here we concentrate mainly on three filters with nominal absorption edge at about 450 nm Table 2 shows decay times for all samples investigated. Since induced absorption is overlapped with absorption bleaching in some samples [4] , it is difficult to evaluate decay time [5] . The role of material type is pronounced in case of electrons whereas there are only small changes in the hole trapping rates. Klimov et al. [3] suggested that the hole traps are intrinsic nanocrystal states or intrinsically interface states. We observed that an ESR (electron spin resonance) signal associated with hole traps almost disappeared after annealing in a hydrogen atmosphere [6] . This indicates that hole traps are passivated by hydrogenation.
Effect of induced absorption on transmission dynamics
We observed absorption bleaching in almost all samples investigated, and photoinduced 
Conclusion
Luminescence dynamics of CdS-doped glasses were measured, and they were compared with transmission dynamics. An analysis of the decay curves of luminescence and transmission dynamics has been performed using a multi-exponential fit. The fast decay time constants of differential transmission are of the order of the fast decay times observed in luminescence measurements (about 1 ps). Although slower decay component is large in transmission dynamics, it is negligibly small in luminescence dynamics. This difference is observed in all samples investigated, and this may be caused by the difference in relaxation paths of electrons and holes in CdS nanocrystals. We attribute the fast component to the hole trapping and the slow component to the electron trapping and relaxation. Since induced absorption is overlapped with absorption bleaching, the effect of induced absorption should be under consideration in a quantitative analysis of the decay curves of transmission dynamics in some cases. 
